Summary: WinPBPK is a computer program for the analysis of drug distribution in the body which utilizes a physiologically-based pharmacokinetic model, where linear ordinary differential equations are numerically solved by the Runge-Kutta-Gill method. This program is written in Visual BASIC (VB) language. Since VB runs under Windows and has a high level user interface, WinPBPK is available to all DOS/V IBM compati ble computers. Numerically solved tissue or organ drug concentrations vs. time data are shown on the CRT display as concentrations vs. time curves and thereafter are saved on hard disk. These numerical data can also be shown as simulated image whole body autoradiograms where drug concentrations in all the tissues or organs are converted to monochrome or full color image data. These image data can be visually com pared to that obtained by real autoradiography using 14C-labelled drug. The system was applied to the phar macokinetic analysis of tacrolimus, an immunosuppressant, in rats. The PBPK model for tacrolimus was de veloped with 17 tissues and organs including lung, blood, brain, heart, liver, pancreas, spleen, intestine, kid neys, gall bladder, thyroid, fat tissue, muscle, testes, bone and skin. The exchange rate of the amount of drug in each tissue or organ was described with differential equations using physiological parameters, biochemical parameters and pharmacokinetic parameters. The simulated image autoradiograms of tacroli mus at 15 min, 1 hr, 3 hr, and 8 hr after iv bolus injection to rats, 1 mg/kg, were compared with the au toradiograms of 14C tacrolimus being injected to rats, 1 mg/kg. There was good correlation between the simulated image autoradiograms and the real ones. By means of this software, the predicted pattern of drug distribution to the tissues and organs based on the PBPK model analysis can be compared visually to the real autoradiogram.
Introduction
More recently, physiologically-based pharmacokinetic (PBPK) analyses, in which each compartment represents a physiologically defined component of the body, such as blood or specific organs and tissues,1-3) were developed and are predominantly useful for simulating drug levels in the tissues or organs as a func tion of time. This approach requires use of a computer, because the dynamic change of the drug molecules in the body is described by linear or nonlinear ordinary differential equations. To solve these equations, several programs, which present result as tissue or organ drug concentrations vs. time profiles, have been developed. ' -14) On the other hand, autoradiography is widely and generally used in the early stages of drug de velopment as a good tool to show the drug distribution pattern in the body, represented as radioactivity in thin slices prepared by a microtome. However, it is not gener al practice to obtain frequent autoradiograms after the iv injection of radiolabelled drug. Routinely, three or four autoradiograms are obtained after iv bolus injection of 14C-labelled drug candidate to rats . If the outputs of PBPK analyses, the simulated tissue or organ drug con centrations vs. time data, are represented graphically as the image data like a autoradiography , it is easy to under stand the drug levels in each tissue or organ . However, there have been no reports that compare the autoradio gram with PBPK analysis outputs. In this study, we de veloped a software which performs PBPK analysis with a function of displaying the simulation of the drug con centration in each tissue or organ by converting the out puts of PBPK analysis to the digital image data, and the efficiency was studied with an immunosuppressant , tacrolimus.15) Mterials and Methods
Hardware
The personal computer used here was a PC-750 (Japan IBM, Tokyo, Japan) which has 16 MB RAM, 166 MHz CPU (Intel Pentium), and 1.2 GB HDD. The operating system was Windows95 (Microsoft Inc., USA). The scanner was a GT-6500 Wing (Epson, Naga no, Japan) which was connected to the personal com puter with a two-way parallel connection and was run with the aid of driver software, EpsonScan!2. All the pro grams were written with Visual BASIC (VB) language Ver. 4.0. The used algorithm for the numerical integra tion of the ordinary differential equations was the Runge-Kutta-Gill method.16)
Program description
The program was composed of three sections, name ly, (1) to obtain digital image data from autoradiograms by a scanner and to save the image data onto the hard disk, (2) to calculate the time course of drug concentra tion in each tissue or organ compartment based on PBPK model and to show the tissue-or organ-drug con centration vs. time curves on CRT display, (3) to show the simulated drug distribution patterns in all the calcu lated tissues or organs by means of simulated image au toradiograms as time series image data and to compare the drug distribution pattern to tissues or organs with real autoradiograms at the corresponding times when real autoradiograms were obtained after 14C-labelled drug administration to experimental animals. Section 1: The autoradiograms of 14C-tacrolimus were supplied by Fujisawa Pharmaceutical Industry Co., Ltd. (Osaka, Japan) and were monochrome autoradiograms obtained at 15 min, 1 hr, 3 hr, and 8 hr after iv injection of 14C-tacrolimus to rats, 1 mg/kg. Four autoradio grams were scanned with a Epson scanner and were saved on the hard disk in BMP format style. 
the tissue-to-plasma concentration ratio of tacroli mus is independent of the drug concentration: (4) tacrolimus binds to plasma proteins in a linear manner: (5) elimination of tacrolimus occurs from both the liver and the kidney. The mass balance-blood flow equations describing the drug concentration in each compartment of the PBPK model is shown in the Appendix. As tissues and organs, lung, blood, brain, heart, liver, stomach, pan creas, spleen, intestine, kidneys, gall bladder, fat, mus cle, thyroid, testes, bone and skin were included in the model. With respect to the extraction of drug in the liver, in addition to the well-stirred model, both parallel tube model and dispersion model were also available. As physiological parameters, tissue volume (V) and blood flow rate (Q) were used in this study (Table I ). The Qs and Vs of gall bladder and thyroid in rats with body weight of 500 g reported by Gerlowski et. al.6) were used after correction was made with respect to the rat body weight of 250 g employed here. The other Qs and Vs were obtained from the report by Kawai et. al..4> As biochemical parameters, tissue or organ drug concentra tion-to-plasma unbound drug concentration ratio (Kp, u), plasma free fraction (fp, u), and blood-to-plasma con centration ratio (RBP) were used. Kp, u, defined as the tissue or organ drug concentration-to-capillary unbound drug concentration ratio according to Kato et. al.,") was calculated with tissue or organ drug concentrations and plasma unbound drug concentration at steady-state after the iv infusion of 14C-tacrolimus to rats. However, the tacrolimus levels in the skin, bone and muscle were not obtained, the Kp, u values of these tissues or organs were assumed to be equal to that of the blood compart ment. RBP was calculated using both the blood and plas ma tacrolimus concentrations at steady-state after iv in fusion of 14C-tacrolimus to rats. In the cases of liver and kidney, Kp, u value was calculated by dividing by each availability (Fh or Fr). These values were obtained from the report by Iwasaki et. al.. 18) As pharmacokinetic parameters, hepatic intrinsic clearance (CLint, h) and renal clearance (CLr) were as sumed. According to the report of Perotti et. al., 19 ) the spiked concentration of tacrolimus was 1, 6, 10 and 80 uM, where the mean metabolized percentage of tacroli mus in the rat hepatic microsomes were 24%, 41.7% , 35% and 15%, respectively. The microsomal protein concentration used was 2 mg/ml, and incubation time was 10 min. These data were analyzed with the Michae lis-Menten equation by nonlinear regression analysis. The obtained Michaelis constant and the maximum ve locity were as follows; Km=32.38ug/ml and Vmax =0 .7252 ug/min/mg protein. According to the report of Suzuki et. al.,20) the liver weight of a 250 g rat was esti mated to be 11 g and consequently the microsomal pro tein content was 563.2 mg. Therefore, the hepatic intrin sic clearance, CLint, h, (=V../Km) for a 250 g rat was calculated to be 12.6 ml/min. As the cumulative excret ed percentage of tacrolimus for 48 hr into the urine was 0.02%, the renal clearance, CLr, of tacrolimus was deter mined by dose x (% excreted in 48 hr) /area under the curve from zero to 48 hr, and was estimated to be 2.1 x 10-2 ml/min. Fig. 2) , the differential equations were numerically solved by the Runge-Kutta-Gill method under the following conditions; dose= 0.25 mg , administration route = iv bolus, end time = 480 min, and increment time (the interval between the plots of simula tion data generated from the solution of Runge-Kutta Gill methd) = 1 min, where the rat body weight was as sumed to be 250 g. Thereafter, the drug concentrations in each tissue and organ were calculated at every incre ment time. It took 3 min to solve the differential equa tions for tacrolimus. The calculated values of 17 tissues or organs were shown on the CRT display as tissue or or gan drug concentrations vs. time curves. Thereafter, all the data were saved on the hard disk. Section 3: The flow chart of the program in section 3 is shown in Fig. 3 . At first, the calculated drug concentra tions in each tissue or organ as time series data were read out from the hard disk and the display times were input to determine the time when real autoradiograms are read out from the hard disk. In the tacrolimus study, the display times of real autoradiograms were 15 min, 1 hr, 3 hr and 8 hr. Furthermore, to show the drug concen tration in each tissue or organ in the simulated monochrome autoradiogram, color selection was per formed. As the real autoradiograms of tacrolimus were obtained with a monochrome mode, black color was set to show the highest drug concentration and white was set to show the lowest drug concentration in the tissue or organ. If necessary, the reverse condition can be selected. In the case of color autoradiography, red was set to show the highest drug concentration, green was set to show the middle and blue was set to show the lowest drug concentration. Just after the start of the pro gram, drug concentrations in each tissue or organ were read out from the data file made in the 2nd section of the program. For tacrolimus, as the increment time was 1 min and the end time was 480 min, 480 calculated values were obtained for each tissue or organ tacrolimus level. Thereafter, the maximum drug concentration (Cmax) in all the tissues or organs was determined. Cmax for tacroli mus was 19.95 ug/ml. The minimum drug concentra tion, Cmin, was 0.00 ug/ml. With the color autoradio graphy, the Cmax was set to red and the Cmin was set to blue. To provide the color image of intermediate drug concentrations between the Cmax and Cmin, the color range between Cmax and Cmin was divided by the availa ble number of color. In this study, the number of color was 256. After the drug concentration range in the tis sue or organ per a color was determined (i.e. 77.93 x 10-2 µg/ml for tacrolimus data), the representative color series table was shown at the center of the lower part of the CRT display. Also, Cma.,, Cmin, simulation time and the color range for the simulated drug concen tration were shown on the display. As the simulation starts, drug concentrations in 17 tissues and organs are shown at every minute as monochrome image data su perimposed on the corresponding tissues or organs of a hypothesized autoradiogram on the lower part of the CRT display. When the simulation time became equal to the preset time, 15 min, 1 hr, 3 hr and 8 hr, the corre sponding real autoradiogram (digital image data) ob tained in the 1st section of the program was shown on the upper part of the CRT display. It was possible to visually compare the simulated drug concentration in each tissue or organ by PBPK model analysis and the real digital image data by autoradiography. The results could be printed out by a color bubblejet printer, Canon BJC-600J (Canon, Tokyo, Japan). 
Results
Based on the PBPK model (Fig. 1) , the time course of the concentrations of tacrolimus in 17 tissues or or gans from 1 min to 480 min were calculated by the Runge-Kutta-Gill method and the tacrolimus concentra tions vs. time profiles in all of the tissues and organs are shown in Fig. 4 . As shown in this figure, tacrolimus dis tributes to all tissues and organs rapidly after iv injec tion to rats, 1 mg/kg. In the intestine, liver, muscle and fat tissue, the drug concentrations increased gradually until 8 hr. However, testes, skin, pancreas, and stomach showed peak drug concentrations at approximately 10 20 min. In other tissues or organs, drug concentrations declined after iv injection of the drug. At 8 hr after ad ministration, the intestine showed the highest tacroli mus concentration. The rank order of the tacrolimus con centrations in the tissues and organs are liver> stomach > lung > kidneys > gall bladder > muscle > fat tissue > skin > thyroid > spleen> heart> pancreas > testes > brain > blood > bone. However, there are many curves in the figure as the drug concentrations in all the tissues and organs are represented on a single graph. As shown in Fig. 4 , drug concentrations in the spleen, heart, fat tissue, skin, muscle and thyroid reached almost the same value at 1.5 hr after administration. It was difficult to isolate each profile on a single graph. Therefore, the simulated results were shown as image data superim posed on a hypothetical autoradiogram as shown in Fig. 5 . This figure compares the autoradiogram ob tained at 15 min after iv injection of 14C-tacrolimus, 1 mg/kg, and the simulated image autoradiogram by means of PBPK model analysis at 15 min after iv injec tion of tacrolimus to 250 g rats, 1 mg/kg. The upper ) was chosen be cause all of the tissues and organs were homogenously and clearly exposed. However, this auotoradiogram was prepared using a midline incision. Therefore, the lungs and kidneys were not shown in the original autoradio gram. To overcome this pitfall, these two organs were added in. In both figures, the intestine showed the dar kest color and the liver also showed darker than other tis sue and organs. There was a good correlation between the real autoradiogram and the simulated image au toradiogram in other tissues and organs. This also ap peared to be consistent with the outputs of PBPK analy sis shown in Fig. 4 . As the simulation starts, the lower figure changes at each increment time (1 min in this study). It took 10 min to simulate the tissue or organ drug concentration changes from just after the iv injec tion to 480 min. The real autoradiogram appeared on the upper part of the CRT display at the corresponding time as the simulation progressed. In the case of tacrolimus, three more real autoradiograms appeared at 1 hr, 3 hr and 8 hr. Fig. 6 shows the real and simulated autoradio grams at 1 hr after iv injection of tacrolimus to rats. Simi larly with Fig. 5 , the color tones of both the real au toradiogram and the simulated image autoradiogram were equivallent. Therefore, there was a good correla tion between the real autoradiogram and the simulated autoradiogram. Fig. 7 shows the data at 3 hr after iv in jection of tacrolimus to rats. By comparing the two figures, the predicted drug concentration in the muscle was somewhat lower than that in the real autoradio gram. This was thought that the Kp, u of muscle was not appropriate because it was assumed to be equal to that of the blood compartment. Fig. 8 shows the data at 8 hr after iv injection of tacrolimus to rats. Similar color tones were obtained between the real autoradiogram and the simulated autoradiogram except for muscle and intestine. The color tone of the muscle in the simulated autoradiogram was lighter than that of the real au toradiogram. On the other hand, the color tone of the in testine in the real autoradiogram was darker than that of the simulated one. Although the Kp, u value of muscle was inappropriate as described above, in the case of the intestine, the tacrolimus including its metabolites were detected in the real autoradiogrm. However, the color tones of other tissues or organs in the simulated au toradiogram were almost consistent with the real au toradiogram. Fig. 6 Comparison of simulated image autoradiogram based on PBPK model at 1 hr after iv injection of tacrolimus to rats, 1 mg/kg, and the real autoradiogram obtained at 1 hr after iv injection of 14C-tacrolimus to rats, 1 mg/kg
Discussion
In this study, a PBPK model was built with 17 tissues or organs. In the previous reports, 10-14 tissues and or gans were involved in the PBPK models.4s,10' As com pared to their models, our model has more tissues and or gans. Although image whole body autoradiograms were prepared as shown in Figs. 5-8 , approximately 5 % of the simulated image autoradiogram remained "unpaint also tested in addition to the well-stirred model.3) However, in the case of the dispersion model, dispersion number (DN) must be determined. 3, 22) To obtain this parameter with other tissues or organs, much efforts would be needed. Therefore, the well-stirred model was used in this study. It took 20 min to obtain drug concen trations in all of the tissue or organ compartments, where the increment time was 1 min. By increasing the value of increment time, the calculation time would be reduced to less than 20 min. When 8 min was used as the increment time, it took 20 seconds and there was no difference in tissue or organ drug concentration vs. time profiles as compared to that obtained under the incre ment time of 1 min. However, when the increment time was increased to 9 min, different results were obtained. At the early period of the simulation, the distribution of tacrolimus to the intestine and the liver in the simulat ed image autoradiogram was higher than other tissues or organ. As simulation proceeded, the tacrolimus distri bution in the muscle was lower than that of the real au toradiogram, which was ascribed to the erroneous value of Kp, u in the muscle. Moreover, the darkest color tone of the intestine in the real autoradiogram were thought to be ascribed that the metabolites were also included when the radioactivity of the 14C-labelled tacrolimus was detected. Although monochrome autoradiograms were used in this study, color autoradiograms have been increasingly used to data.23,24) This software was designed to also be applicable to color autoradiograms. At the initial stage of this study, Cmax (the maximum concentration) of the monochrome image data concerning the distribution of tacrolimus in the autoradiogram was set to be 19.95 µg/ ml which corresponded to the calculated Cmax in 17 tis sues and organs in the rats. However, under this condi tion, the simulated image concentration of tacrolimus in the intestine was highly emphasized. Therefore, Cmax in the simulated image autoradiogram was decreased to half of the calculated Cm.. As shown in Figs. 5-8, good correlations were obtained between the real au toradiograms and the simulated image autoradiograms. The pitfall of autoradiography is the lack of absolute con centration values. When exposure times are long, highly-exposed autoradiograms are obtained. In con trast, in the case of short exposure times, under-exposed autoradiograms are obtained. Therefore, the maximum drug concentration in the image data must be adjusted as described above. Recently, radioluminography has been developed and this method may be more generally useful than autoradiography25). By means of this method, the absolute drug concentration in each tissue or organ would be obtained. If so, the comparison of simulated image autoradiograms to the real autoradio grams would become more important. Since there have not been any reports that compare the simulated image data from PBPK analysis outputs with the autoradio grams, we tried to developed the software which can pro vide the PBPK analysis outputs as the image data.
In conclusion, novel software for PBPK model analy sis has been developed to compare the simulated drug distribution pattern on a image autoradiogram with that obtained by a real autoradiogram. As simulated image autoradiograms are used, it is possible to visually simu late the distribution pattern of drugs to 17 tissues or or gans in rats. The system was applied to the physiologi cally-based pharmacokinetic analysis of an immunosup pressant, tacrolimus, and good correlations were ob tained between the simulated image autoradiograms and the real autoradiograms. where i=3, 4, 6, 7, 8, 9, 11, 12, 13, 14, 15, 16, 17 
